Analysis of optical properties of porous silicon nanostructure single and gradient-porosity layers for optical applications J. Appl. Phys. 112, 053506 (2012) A HeNe laser has been used to fabricate photochemically a photoluminescent porous Si thin film on top of crystalline Si. The porous Si film has Gaussian shaped upper and lower interfaces. When the reflection of a laser beam from this film during, or after, the photochemical process is observed, two distinct, concentric circular interference patterns are observed. A pattern of thick rings is superimposed upon a pattern of fine rings. The reflected beam is far more divergent than the incident beam. The formation of the outer rings is a coherent phenomenon. Analysis of the patterns indicates that reflection from the upper interface is not involved in the ring formation process but that optical interference and Fresnel diffraction of the light reflected from the bottom interface cause the pattern formation. It is shown that the radius of the pattern is linearly proportional to the optical path length through the film. Therefore, measurements of pattern sizes yield information about the depth and index of refraction of the porous Si film. This observation provides us with a novel, in situ technique for measuring the kinetics of formation of the photoluminescent silicon thin films and might be exploited for applications in chemical sensing.
Observation and application of optical interference and diffraction effects in reflection from photochemically fabricated Gaussian interfaces
A HeNe laser has been used to fabricate photochemically a photoluminescent porous Si thin film on top of crystalline Si. The porous Si film has Gaussian shaped upper and lower interfaces. When the reflection of a laser beam from this film during, or after, the photochemical process is observed, two distinct, concentric circular interference patterns are observed. A pattern of thick rings is superimposed upon a pattern of fine rings. The reflected beam is far more divergent than the incident beam. The formation of the outer rings is a coherent phenomenon. Analysis of the patterns indicates that reflection from the upper interface is not involved in the ring formation process but that optical interference and Fresnel diffraction of the light reflected from the bottom interface cause the pattern formation. It is shown that the radius of the pattern is linearly proportional to the optical path length through the film. Therefore, measurements of pattern sizes yield information about the depth and index of refraction of the porous Si film. This observation provides us with a novel, in situ technique for measuring the kinetics of formation of the photoluminescent silicon thin films and might be exploited for applications in chemical sensing. © 1999 American Institute of Physics.
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I. INTRODUCTION
Porous silicon ͑por-Si͒ has attracted great interest recently not only due to its potential use in optoelectronic devices, 1 but also as a possible substrate for chemical sensors 2 and even as a biomaterial. 3 Porosity superlattices have recently been fabricated that show promising optical properties. 4, 5 Lateral superlattices have been formed in por-Si which act as diffraction gratings. 6, 7 Therefore, there is great interest in discovering how to control both the fabrication process and the properties of por-Si films. Porous Si is conventionally made by electrochemical etching or by the use of various chemical stain etches. 1, 8, 9 Studies have shown that photoluminescent Si can be produced photochemically by illuminating crystalline silicon (c-Si) while it is immersed in aqueous hydrofluoric acid ͑HF͑aq͒͒ [10] [11] [12] [13] [14] or mixtures of HF with nitric acid and water. [15] [16] [17] Thin film interference effects have been observed in a variety of guises, including the observation of ring patterns in reflection. Ring patterns produced by a separated by implanted oxygen layer on silicon ͑an oxide made by oxygen ion implantation into a Si wafer͒ have been observed and used to determine the quality of the layer. 18 Similar patterns were reported with thin superconducting films 19 and oil drops. 20, 21 The thickness and structure of tear films in mammalian and human eyes have also be been probed using thin film interference techniques. [22] [23] [24] In all of these cases, the observed ring patterns have been ascribed solely to interference effects. Insofar as por-Si films are concerned, white light interference effects have been observed in reflection from photochemically produced por-Si. 10, 14 In carefully prepared electrochemically grown por-Si, the formation of an optical cavity has been observed. 25 This effect has been exploited in color image generation 26 and to produce an extremely sensitive chemical sensor. 2 In the course of studies on the photochemical production of por-Si, we observed pattern formation in laser light reflected from these photochemically produced structures. In this article we report on this observation, attempt an analysis of the patterns, and demonstrate that measurements of the patterns can yield information on the depth of the buried por-Si/c-Si interface. We find that the pattern formation does not depend on the presence of the film. The only influence of the film on the patterns is to change the pattern size due to the effects of refraction. The pattern formation process depends intimately on the interplay between interference and Fresnel diffraction of the light reflected from the bottom interface. It is the shape and depth of the lower interface that determine the focusing properties of this interface and it is the combination of the focusing properties and Fresnel diffraction that determine the divergence and, therefore, the size of the reflected beam. Because of this, we are able to show that the pattern size is linearly proportional to the depth of the lower interface.
II. EXPERIMENT
Samples of ϳ1 cm 2 were cut from n-type Si͑111͒, typically 4.5-6.4 ⍀ cm. These were immersed in electronics grade aqueous HF ͑48% w/w unless otherwise stated͒ and irradiated at near normal incidence with fluences on the order of 1-100 mW mm Ϫ2 of 632.8 nm light from a HeNe laser. Two different HeNe lasers were employed. Their nominal powers were 0.8 and 15 mW. Both lasers exhibit Gaussian intensity profiles ͓Iϭexp(x 2 /2)͔ but are slightly divergent with typical full widths at half maximum of roughly 0.5 mm (ϭ0.21 mm). The reflected beam was studied as the por-Si formed and also after the crystal had been removed from the HF͑aq͒. The por-Si layers are stable in air. The patterns remain qualitatively unchanged over a period of months. The irradiated areas were examined by a stylus profilometer ͑Rank Taylor Hobson Form Talysurf 120 L͒ and TopoSurf three dimensional imaging software. The profilometer allows us to determine both the functional form of the interfaces and their depth. The air/por-Si interface is measured after rinsing and drying the sample. The por-Si is then removed by immersing the silicon in 1 M NaOH for 5-10 min so that we can measure the profile of what had been the por-Si/c-Si interface.
The methods of observing the interference patterns are shown schematically in Fig. 1 . We can photograph the pattern formed on a screen placed at a distance b from the surface of the crystal. To measure intensity profiles, the screen is replaced by a photodiode ͑Si/PIN͒ mounted on a translation stage. We place a 10 m pinhole in front of the photodiode to define the lateral resolution. The same photodiode has been used to measure the reflected intensity. The reflected intensity of both the entire beam and the intensity along the center line ͑using the 10 m pinhole͒ have been measured. Unless otherwise stated, all error bars correspond to 1 standard deviation.
III. RESULTS
A. Photochemical interface fabrication
Details of the photochemical production of por-Si are reported elsewhere. 27 In short, we observe that brief irradiation ͑ϳ30 s͒ by the HeNe in HF͑aq͒ produces a dark spot on the crystal. The spot grows until, at tϷ5 min, it is the same diameter as the laser beam. When illuminated with a handheld UV lamp ͑254-366 nm͒, the spot luminesces with an orange glow when observed in air but green luminescence is observed when the UV illumination is carried out in the HF solution. In contrast to the report of Curtis et al., 25 we do not observe any interference structure superimposed upon PL spectra even though interference patterns are observed in laser beams reflected from the film. This is an indication that simple Fabry-Pérot interference cannot explain the interference patterns we observe. The observation of strong, visible, room temperature PL, in accordance with previous work, 10,13,14 is taken as evidence of the formation of por-Si.
Strong visible PL is generally 1 associated with a porosity of roughly 60%-80%. The presence of por-Si is corroborated by the strong Si-H x absorption peak observed in the Fourier transform infrared spectrum of a freshly prepared spot.
Profilometry results indicate that the photochemical processing leads to a film with Gaussian shaped upper and lower interfaces, an example of which is shown in Fig. 2 It is found that the depth of the interfaces and the thickness of the film increase with increasing irradiation time. Further, the values of the upper and lower interfaces always closely resemble the value of the laser used to fabricate the film. This indicates that the film forms only in the irradiated area and that any pattern formed in the laser intensity profile can be transferred to the shape of the film. We have confirmed this by fabricating films of different shapes including a single ring and concentric rings without the aid of a mask, but instead relying only upon the intensity profile of the incident light. Noguchi and Suemune 28 have also demonstrated selective area growth of por-Si structures. Their method attains very high lateral resolution but requires patterning p-doped regions on an n-type Si wafer.
B. Pattern development in time
Immediately after directing the laser onto the crystal, the reflected beam has the intensity profile of the incident beam. A halo of diffuse light develops around the central spot which gradually separates from the central spot and forms a ring around it, leaving a dark circle between the two areas of light. The outer ring and dark circle progressively increase in diameter. A second light ring forms within the dark circle, which subsequently grows in diameter with time. It typically takes ϳ30 s for a ring to transform from an indistinct halo attached to the central spot to a distinct ring. This sequence is repeated as subsequent rings form as displayed in Fig. 3 . It is also possible to discern fine lines within the rings of the outer pattern. Interference patterns with more than ten rings can be created; a six-ring pattern is shown in Fig. 4͑a͒ . The outer pattern is composed of rings that are narrower near the center of the pattern and broader toward the outside. We note also that laser speckle is clearly visible in the interference patterns.
The intensity of the reflected beam has been monitored with a photodiode. During the first 3 min of irradiation, we detect a rapid decrease in intensity along the optical axis of the pattern. Thereafter fluctuations, which increase in period and decrease in aplitude, are recorded. There is no obvious relationship between these fluctuations and the formation of the outer or inner pattern.
Closer examination of the central spot reveals that it, too, contains a ring structure as seen in Fig. 4͑b͒ . This inner pattern always forms first. With Ͻ1 min of irradiation, a fine dark circle forms towards the outer edge of the spot and then contracts. This process repeats itself, producing a pattern of concentric rings, but in this case the narrower rings are on the outside of the pattern. No correlation is found between the appearance of these rings and the appearance of the outer rings, except that the inner pattern always begins to appear before the outer pattern does. The inner pattern is concentric with the outer pattern as it is forming. An intensity maximum normally occurs at the center of this pattern; however, on infrequent occasions a node is observed at the center.
C. Factors that influence the patterns
It is obvious that the patterns grow in size and number of rings as a consequence of the progressively deeper etching of the por-Si film and the broadening ͑up to a limit͒ of the spot size. A crucial first observation is that the formation of a pattern does not depend on the presence of the por-Si film. If the film is removed by exposure to a solution of NaOH, the size of the pattern changes but the essential feature of concentric rings is left unmodified.
The visibility of the outer fringes is dependent on the beam quality of the incident laser. The visibility is reduced when the incident beam first passes through a fogged glass plate or a thin piece of plastic. Nonetheless, the pattern still maintains roughly the same diameter ͑although the edges are made less distinct due to scattered light͒ and the first few fringes of the inner pattern remain visible. Transmission of the incident beam through plastic or nonclear glass reduces the coherence of the incident light. The effects of beam quality indicate that the outer pattern arises from a phenomenon that depends on the coherence of the incident light, whereas coherence is not a necessary condition for the formation of the inner rings.
IV. DISCUSSION
We now need to determine: ͑1͒ why the por-Si film affects the size of the pattern but is not involved in the mechanism of ring formation, ͑2͒ why the pattern grows in time, ͑3͒ why there appear to be two distinct interference phenomena, ͑4͒ why laser coherence strongly affects only one of these interference phenomena, and ͑5͒ what affects the size and shape of the pattern. In doing so, we will show that analysis of the patterns can yield information on the refractive index of the film as well as the shape and depth of the lower interface.
A. Effects of the film
First we address how the presence of the film affects the patterns. Since the film is not required for pattern formation, we can immediately rule out any type of amplitude division interference effects ͑Fabry-Pérot type interference͒. The reflection from the upper interface ͑the air/por-Si interface͒ plays no role in the observed phenomenon. This is not surprising in light of the high porosity of por-Si film. A good approximation of the relationship between refractive index and porosity P is given by the effective medium approximation 29 FIG. 3. The temporal evolution of the reflected beam as a Si crystal is irradiated in HF͑aq͒ is followed photographically. The reflected beam was imaged 1 m away from the crystal surface. The time of exposure was: ͑a͒ 2 min, ͑b͒ 4 min, ͑c͒ 6.5 min, and ͑d͒ 10 min. The cross hatching of a 2 mm/division grid can be seen in ͑b͒-͑d͒. Ͼ30 min) as imaged in air. Panels ͑a͒ and ͑b͒ were taken from the same photographic negative at two different exposures to reveal the structure of the inner and outer patterns.
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where n fl is the index of the fluid in which the por-Si is submerged. A porosity of 80%, therefore, corresponds to an index of 1.58 at 633 nm and a reflectivity at normal incidence of only 0.05. This is an upper bound to reflectivity as the reflectivity at wavelength will be attenuated 30 by the rms roughness of the surface ⌬h by a factor of exp(4⌬h/). Hence the combined effects of porosity and roughness conspire to make the reflection from the upper surface irrelevant to the current problem.
Nonetheless, the presence of the film does affect the size of the pattern. This can be understood as a consequence of refraction. We will demonstrate the quantitative effects of refraction below. For now, it suffices to note that the effect of refractive index on the diameter of the patterns can be checked by placing the crystal in a series of fluids. The outer pattern has a smaller diameter and ͑occasionally͒ fewer rings when the crystal is placed in a fluid with a low refractive index, such as air or water, than when compared to a high index fluid such as carbon disulfide. The dependence of the pattern on the por-Si refractive index confirms the effect of refraction and demonstrates that the outer pattern is influenced by the optical path introduced by the por-Si layer.
Lin et al. 2 have recently demonstrated a sensitive biosensor based on Fabry-Pérot interference observed in white light reflected from a chemically derivatized por-Si layer. The principle behind this chemical sensing technique is that the binding of molecules at the surface of the por-Si somehow leads to a change in the refractive index of the film. This index change is then observed by changes in the Fabry-Pérot fringes. The effect observed by us can be used in a similar manner as it is also sensitive to changes in the index. The effect reported here may possess several advantages over white light interference. The laser offers high brightness and a collimated light source whose wavelength can be selected to ensure that no photochemistry occurs in the analyte. The effect reported here uses monochromatic light and this makes the use of a spectrometer superfluous for analyzing the patterns.
B. Ray optics of reflection from a Gaussian interface
We now proceed to calculate the image expected for reflection from a film defined by two Gaussian interfaces. Reflection of light from rough [30] [31] [32] [33] [34] [35] [36] [37] [38] and curved 20, 21, 39 interfaces and films has received attention in the literature. We have not, however, found a treatment for reflection from Gaussian shaped interfaces although transmission through Gaussian microlenses has been studied. 40, 41 For clarity the macroscopic Si surface will be called the surface and the interfaces of the photochemically treated region will be called the top and bottom interfaces. We assume in all calculations that collimated, monochromatic light is incident upon the surface at normal incidence. The coordinate system is defined in Fig. 5 . The idealized film, which grows in the negative z direction, is shown in Fig. 6 . We start with the case of reflection from a Gaussian interface in the absence of a film.
The film has a cylindrically symmetric geometry imparted on it by the laser. As a simplification, we consider the one-dimensional problem along a cord drawn along the film diameter. The radial distance from the center of the spot is x. The depth of the film d(x,t) is centered about xϭ0 and is assumed to be given by the product of two functions. f (x) is the form factor which describes the shape of the interface. g(t) is the growth function which describes the maximum depth of the film as a function of time ͑the derivative of this function will be denoted as the growth rate͒. The film grows in the negative z direction. Hence,
d͑x,t ͒ϭ f ͑ x ͒g͑ t ͒. ͑2͒
Referring to Fig. 5 , we need to determine the point L on a screen placed a distance b away from the surface of the macroscopic Si crystal for a ray of light that strikes the interface at any arbitrary radial distance x. That is, we need to determine the function (x,t) that describes the radial distance of L from the origin as a function of time. The tangent of d(x,t) determines the effective angle of incidence of the ray which strikes the interface. is the angle that the tangent makes with respect to the macroscopic surface. It can be shown by inspection of where 2 is the angle of incidence on the tangent and 2 2 is the angle with respect to the surface normal with which the ray leaves the lower interface. The function (x,t) is now found from geometry ͑x,t ͒ϭxϪd͑ x,t ͒tan 2 2 Ϫb tan 3 . ͑4͒
The film has the geometry shown in Fig. 6 . The radius of an image is determined by, as will be shown below, the ray which strikes the interface at a distance xϭϮ from the center of the film. As the interface has been measured to be Gaussian, the form factor is given by
and, therefore, the derivative of the depth function is
͑6͒
Substitution into Eq. ͑4͒ and taking advantage of the small angle approximation (tan ϭsin ϭ) yields
The maximum of this function is found by solving the second derivative of the interface profile function. This must be solved analytically but to a close approximation ͑within 1%͒, the maximum is found at xϭϮ. Therefore, the quadratic term can be neglected. Hence, the image radius for a given depth is given by
Note that the radius as defined is positive in the region from zϭ0 to the focal point and negative beyond the focal point. Since is determined by the laser intensity profile and changes little with time, r image increases in direct proportion to the increase in the depth of the interface. Alternatively we can rearrange Eq. ͑11͒ to highlight the growth function g͑t ͒ϭ ͱe
from which we see that the derivative of g (t), that is the growth rate of the por-Si, is proportional to the slope of a plot of r image vs time.
An inspection of Fig. 6 reveals that the Gaussian interface essentially acts as a focusing mirror. The focal length f l can be found by setting r image ϭ0, which yields
The focal length, thus, starts at infinity for the flat surface and becomes progressively shorter as the film becomes deeper. For reflection from the bottom interface for the structure shown in Fig. 2 in the absence of the por-Si film, we find f l ϭ35.0Ϯ0.01 mm. We show below that the change in f l as a function of depth is crucial for understanding the time development of the patterns.
C. The effect of refraction on reflection from a Gaussian interface
To include the effects of refraction on the image formed for reflection from the bottom interface, is a geometrically straightforward, though algebraically messy, extension of the procedure outlined in Sec. IV B. We start by defining the form factors for the top and bottom interfaces:
͑14͒
The photochemistry is driven by a laser with an intensity profile of
͑15͒
The profile of the laser beam imparts the geometry of the interface and it has been experimentally verified that we can make the approximation
and, therefore,
We then find that the radius of the image formed for reflection from the bottom interface is
where n is the index of the por-Si film. Note that by taking nϭ1, that is for no refraction, the answer for a top interface reflection is retrieved. Furthermore, the observation of a smaller pattern for lower n is consistent with Eq. ͑18͒. The growth function of the bottom interface can then be written as
D. Intensity profile of reflected beam in the absence of diffraction
Once we have written Eq. ͑4͒ and have fixed the distance b to the screen, we are now in the position to calculate the path taken by any arbitrary ray from the laser at S to the screen at point L. As a simplification, we consider only the case in which the film is absent. Equation ͑4͒ can be solved numerically. Inspection of the solutions to Eq. ͑4͒ reveals that it has one, two, or three solutions in x for a given point on the screen. Each of these solutions corresponds to a ray which can add to the intensity at point L and these ray intensities can be added either coherently or incoherently. This fact forms the basis of the coherence dependence of the outer pattern. We now present the results of both calculations.
The laser beam has a Gaussian intensity profile, Eq. ͑15͒. This determines the intensity distribution of the light incident upon the interface at point d(x,t). For three waves of amplitude a i and phase ␣ i , the intensity resulting from their combination is
For the incoherent sum, we neglect the cosine terms. For the coherent sum we must know the phase of the three waves. When the source is a laser, the three rays all reach the surface with the same phase; however, they strike the interface at different depths d(x,t). The phase as a function of x can be written
so that the task becomes simply summing up the appropriate intensities for all points L across the diameter of the screen. Note that since the laser intensity profile has a uniform twodimensional Guassian profile, the interface will also exhibit such a profile and the reflected light will exhibit cylindrical symmetry. In other words, any intensity fluctuations will be observed as rings on a screen. The predicted intensity profiles are shown in Fig. 7͑a͒ . Note the sharp cutoff in intensity at a well-defined radius. These predictions can be compared to the actual intensity profile in Fig. 7͑b͒ . We see immediately that the simple reflection model fails miserably to describe the experimental intensity profile. Furthermore, significant intensity is observed beyond the bounds set by the simple reflection model. This is unambiguous proof that diffraction must also be involved in the pattern formation mechanism.
E. Simulation of Fresnel diffraction
The data in Fig. 7 bring us to the conclusion that diffraction must be considered in the pattern formation process. The question immediately arises as to what is causing the diffraction. This is best answered by trying to find a fit to the observed patterns. Wang et al. 42 have reported an analytical expression for the radial intensity profile produced by Fresnel diffraction. The reader is referred to the paper of Wang et al. for further mathematical details. Fresnel diffraction can best be thought of in terms of Fig. 8 . There are four important parameters in determining the intensity distribution as a function of . Once b and have been fixed, it is found that R, the source-to-aperture distance, is largely responsible for determining the width of the diffraction pattern, whereas a, the aperture radius, is largely responsible for determining the spacing between successive fringes.
To start the fitting procedure we first consider the aperture size. Either the pore size or the spot size might be considered. The periodicity of the major central fringes is indicative of a spacing that is on the order of the spot radius. Indeed, the simulation shown in Fig. 7͑c͒ assumes a value of  aϭ4 . We see that the fringe spacing is reasonably well FIG. 7 . Radial intensity profiles. For panel ͑a͒ the parameters of the interface were taken from the measured profile of the interface shown in Fig. 2 after the por-Si film was removed. The predicted profiles for simple reflection ͑neglecting diffraction͒ for incoherent and coherent radiation are indicated. ͑b͒ A measured intensity profile. The intensity profile was generated by irradiation of the bottom interface shown in Fig. 2 after removal of the por-Si film. bϭ630 mm. ͑c͒ A simulated Fresnel diffraction pattern. R is set to five times the focal length of the film depicted in Fig. 2 and a is set to 4 for the same film.
reproduced and we conclude that the spot size is effectively acting as the aperture size even though there is no hard aperture in this case ͑that is, the interface slopes smoothly to the surface level, rather than undergoing a sharp transition͒.
Second, we consider the source-to-aperture distance. Three alternative come to mind, Rϭϱ corresponds to a collimated source, that is, it assumes that the source is the laser. If this were the case, the pattern size would not change with time ͑assuming a fixed aperture size͒ as the source would be fixed. Simulations also indicate that the pattern is too small compared to the observed profile. The second alternative is that the source should be placed at the bottom interface. This would lead to a pattern that changes with time; however, a retreating source causes the pattern to shrink as the source recedes. Furthermore for Rϳ1 m, the pattern is orders of magnitude too large. The final option is to place the effective source at the focal point of the Gaussian reflector. Our analysis of reflection from a Gaussian interface has shown that the focal length of the reflector decreases as the film gets deeper. The decreasing focal length means that the source is advancing toward the surface and an advancing source leads to a pattern that increases in size as time progresses and the film gets deeper. Therefore, the qualitative trend of increasing pattern size is well reproduced by this choice of the source distance. A simulation run with aϭ4 and Rϭ f l , however, led to a pattern that is roughly one quarter the size of the measured pattern. Setting Rϭ5 f l reproduces the size of the pattern. This has been done in the simulation shown in Fig.  7͑c͒ . No special significance should be given to the factors of 4 and 5 used in this simulation: they simply represent the integer multiplicative factors that lead to the best reproduction of the experimental data.
We conclude that the simplified model of equating the aperture size with the spot size and the source-to-aperture distance with the focal length provides qualitative agreement with our data. The diffraction phenomenon is approximately described by convergent wave Fresnel diffraction. In doing so we can approximate the size of the patterns and the central fringe spacings. We also come to appreciate that the fine structure in the outer rings arises from the low visibility fringes in the outskirts of the Fresnel diffraction pattern. In addition, this treatment makes the proper prediction that the pattern should get larger over time as the film gets deeper. What our simulation fails to reproduce even qualitatively are the distinct outer rings. This is because we have chosen our source to be a point source located near the focal point of the Gaussian reflector. The source term, however, should also account for the coherence of the source ͓effectively the interference wrinkles displayed in Fig. 7͑a͔͒ . Indeed, we have shown in Sec. III C that coherence is important for the formation of the thick outer rings. The overriding contribution to the inner rings, nonetheless, is Fresnel diffraction, which does not require a coherent source. A much more involved treatment of the reflection problem is required to reproduce the diffraction patterns completely accurately.
F. Application of the diffraction phenomenon to thin film diagnostics
Finally, we demonstrate one application of this newly observed diffraction phenomenon. In Eq. ͑10͒, we have shown that the image radius should be linearly proportional to the depth of the lower interface in the absence of the film and neglecting diffraction. Diffraction will change the divergence of the reflected rays but they still propagate rectilinearly. Therefore, we expect that the image radius should still be linearly proportional to the depth of the lower interface but that the constants in the relationship have changed, viz.
where c 0 is related to the size of the laser beam. One consequence of diffraction is that the reflected beam never comes to a focus. Therefore, we write Eq. ͑22͒ in an intuitive fashion in which r exp (t) and d max (t) are both positive numbers. Both c 0 and c 1 must be determined empirically. In Fig. 9 we plot the measured image radius versus the measured maximum depth of the interface. It is clear that the linear relationship still holds. Therefore, the measurement of pattern radii can be used to determine, at least in relative terms, the depth of interface. This holds out the promise that similar measurements can be applied as an in situ probe of the lower interface depth during photochemical processing. We are currently studying this possibility.
V. CONCLUSION
We have reported a novel pattern formation phenomenon in reflected light that occurs during the photochemical fabrication of Gaussian shaped porous Si thin films. We have demonstrated that the effect is due to Fresnel diffraction and optical interference. We are able to reproduce roughly both the periodicity of the fringe spacing and the size of the pattern by assuming that Fresnel diffraction occurs for a source placed near the focal point of the Gaussian reflector and that the aperture size is roughly equal to the spot size of the structure. We have demonstrated not only that the pattern size depends on the depth of the reflecting interface but also, that if a por-Si film is present above the reflecting interface, the index of refraction of por-Si plays a role in determining the pattern size. These results have two possible practical implications. The first is that measurements of pattern size may be used to measure the depth of the lower interface and, therefore, these measurements may provide the basis for an in situ monitor of thin film growth kinetics. The second is that the sensitivity of the pattern size to the index of the film may make the observed diffraction phenomenon a candidate for application in chemical sensing along the lines of the technique demonstrated by Lin et al.
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